For the photocycle of the membrane protein bacteriorhodopsin to proceed efficiently, the thermal 13-cis to all-trans backisomerization of the retinal chromophore must return the protein to its resting state on a time-scale of milliseconds. Here, we report on quantum mechanical/molecular mechanical energy calculations examining the structural and energetic determinants of the retinal cis-trans isomerization in the protein environment. The results suggest that a hydrogen-bonded network consisting of the retinal Schiff base, active site amino acid residues, and water molecules can stabilize the twisted retinal, thus reducing the intrinsic energy cost of the cis-trans thermal isomerization barrier.
Introduction
Retinal proteins are seven-helical transmembrane molecules containing a retinal molecule covalently bound to an opsin protein via a protonated Schiff base. Retinal proteins perform critical functions in cells from all organisms, acting as ion pumps, ion channels, or light sensors (Mathies 1991; Oesterhelt 1998; Stoeckenius 1999) . The action of retinal proteins is triggered by the ultrafast isomerization of the retinal chromophore upon light absorption. The subsequent return to the resting state occurs by a sequence of protein conformational changes, ion transfer steps, and retinal configurational changes. In the bacteriorhodopsin proton pump, thermal isomerization of the retinal from 13-cis to all-trans ensures the return of the protein back to its resting state configuration on the millisecond (ms) timescale . This timescale is ten orders of magnitude shorter than would be expected from the 28-30 kcal/mol intrinsic barrier for the 13-cis→all-trans isomerization in the gas phase (Tajkhorshid 1999; Bondar 2005a Bondar , 2011 . How bacteriorhodopsin catalyzes such a rapid retinal isomerization remains an important open question that we examine here.
The reaction cycle of bacteriorhodopsin consists of the passage of the protein through a series of intermediate states (bR, K, L, M, N, O) distinguished by their spectroscopic fingerprints. The retinal molecule, covalently bound to Lys216 via a protonated Schiff base, is all-trans in the bR resting state (Fig. 1a) . Upon light absorption, retinal isomerizes to 13-cis and remains in this configuration in the K, L, M, and N intermediate states. During the L-to-M transition a proton is transferred from the protonated Schiff base to the nearby Asp85 (Nango 2016) ; subsequently, a 1 3 proton is released from the extracellular proton release group consisting of protein side-chains (Glu194, Glu204, Arg82) and bound water molecules (Fig. 1a) (Lanyi 2004; Luecke 2000; Herzfeld 2002) . The Schiff base is reprotonated from the cytoplasmic Asp96 during the M-to-N transition, and Asp96 then re-protonates from the cytoplasmic bulk upon decay of the N intermediate. In addition to the Asp96 re-protonation step, the N-to-O transition also involves the thermal isomerization of the retinal from 13-cis back to all-trans. The transfer of the proton from the primary proton acceptor Asp85 to the extracellular proton release group during the O-to-bR transition completes the reaction cycle.
The sequence of conformational changes from the N to the O intermediate states is not yet clear. Native N and O intermediates have not been isolated due to missing wild-type structures and difficulties in accumulating the intermediates in photostationary states Rouhani 2001; Okumura 2005) . Transient absorption spectroscopy data have suggested that retinal isomerization during the N-to-O transition is coupled to structural changes in the protein via van der Waals contacts between retinal and nearby amino acid residues (Delaney 1995) . IR spectroscopy indicates that the N-to-O transition occurs with changes of the protein secondary structure in the vicinity of Asp85 (Zscherp 1997) . A large rise in entropy is also observed during the N-to-O transition (Varo 1991 ). An intermediate N-like state could be assigned for the V49A mutant; denoted as N′, this photoproduct contains a protonated 13-cis retinal and a reprotonated Asp96 . Relative to the bR resting state, the N′ structure indicates significant conformational changes largely on the cytoplasmic side of the protein (Luecke 1999; Belrhali 1999 ) that may be related to the formation and stabilization of a chain of four water molecules that extend from the cytoplasmic-oriented 13-cis retinal Schiff base to Asp96 (Fig. 1a) .
Two crystal structures have been proposed as models for the O state: that of the Asp85Ser mutant (Rouhani 2001) , and the low-pH (acid-blue) bacteriorhodopsin (Okumura 2005) . EPR experiments (Chen 2007) and computations of the UV-Vis excitation energy and carbonyl stretching vibrations (Phatak 2009 ) suggest that the acid-blue bacteriorhodopsin model may be a good representation of the native O intermediate state. Indeed, the structural characteristics of the O state in the purple membrane environment are better reproduced by the low-pH (acid-blue) bacteriorhodopsin than by the Asp85Ser mutant (Chen 2007 ). Unlike N′, in which the conformational changes relative to bR are observed in the cytoplasmic half of the protein (Fig. 1a) , in the acid-blue 13-cis retinal O-like state (Okumura 2005) , the conformational changes relative to bR are mostly on the extracellular side (Fig. 1a) . Arg82 points towards the Glu194/Glu204 pair, and Glu194 has moved away from Glu204 (Fig. 1a) . Importantly, the string of cytoplasmic water molecules connecting Asp96 and the Schiff base in N′ is not present in the O-like structure (Fig. 1a) .
The crystal structures of the N′ and O-like states raise the question as to how the changes in protein structure are coupled to retinal isomerization and to the relocation of internal water molecules. What is the sequence of events accompanying the isomerization event? Do rearrangements of protein amino acid residues and/or internal water molecules precede the retinal isomerization? Also, is retinal isomerization facilitated by specific structural rearrangements of protein amino acid residues and/or internal water molecules?
Due to the uncertainty in the end-state (N′ and O-like) structures and the complexity of the reaction pathway, which combines protein structural change with changes in multiple retinal torsional degrees of freedom, it is difficult to determine unambiguously the reaction pathway. However, by comparing pathways obtained from different starting models it is possible to identify possible roles of structural elements in influencing the rate of reaction i.e., in lowering the energy of the transition state relative to the starting point structure.
To explore the structural and energetic determinants of the retinal thermal isomerization in the protein environment, we performed here a systematic analysis of five retinal isomerization paths (paths 1-5) computed using the N′ and O-like (Okumura 2005) structures, and with different locations of the internal water molecules, as we will describe in detail in the following section. The results of Fig. 1 a The all-trans bR resting state (grey structure) (Luecke 1999) , the 13-cis N′ (red structure) , and the all-trans O-like state (Okumura 2005 ) (blue structure) are superimposed to highlight structural differences associated with each photointermediate. Relative to resting bR, in the O-like state Arg82 points towards the Glu194/Glu204 pair, and Glu194 has moved away from Glu204. The chain of cytoplasmic water molecules connecting Asp96 and the Schiff base in N′ (depicted as red spheres) is not present in the O-like structure (depicted as blue spheres). b A schematic diagram of the 13-cis retinal and Lys216 atoms. (Color figure online) these calculations indicate that structural rearrangements of the protein and water molecules resulting in alterations of hydrogen bonding in the retinal Schiff base region can significantly lower the energy barrier for retinal isomerization.
Methods

Protein Structural Models
We computed five different cis-trans retinal isomerization paths (paths 1-5) in the protein environment using structural models prepared from the N′-[Protein Data Bank (www. pdb.org) reference PDB ID 1P8U ] and O-like [1X0I (Okumura 2005) ] crystal structures. Paths 1 and 5 are based exclusively on the N′ and O-like (Okumura 2005 ) crystal structures, respectively; paths 2-4 are computations on hybrid structural models constructed using elements of both N′ and O-like geometries (Table 1) :
Path 1: retinal, water, and protein coordinates taken from the N′ crystal structure Path 2: retinal coordinates from the N′ crystal structure ; water and protein coordinates from the O-like crystal structure (Okumura 2005) Path 3: retinal and protein coordinates from the N′ crystal structure ; water coordinates from the O-like crystal structure (Okumura 2005) Path 4: retinal and protein coordinates from the O-like crystal structure (Okumura 2005) ; water coordinates from the N′ crystal structure .
Path 5: retinal, water, and protein coordinates taken from the O-like crystal structure (Okumura 2005) .
In the following description of the structural models, we denote the end states of the retinal cis-trans isomerization path as Reactant (R, 13-cis retinal) and Product (P, all-trans retinal), respectively. The five sets of R and P conformers are distinguished by the retinal geometry, protein coordinates, and the location and the number of internal water molecules (Fig. 2) .
In path 1, the N′ crystal structure provided the 13-cis reactant (R1) of path 1. In path 5, the O-like crystal structure (Okumura 2005) , containing the alltrans retinal configuration, provided the product state (P5); the geometry-optimized 13-cis retinal conformer (R5) was obtained from computations for path 5.
The hybrid models R2-R4 were prepared using the geometry-optimized R1 and R5 conformers. To construct the hybrid R2 model for path 2, we replaced the 13-cis retinal of O-like protein (R5) with the 13-cis retinal of N′ (R1); in other words, in path 2 we computed the isomerization reaction of the N′ retinal in the O-like protein and water environment.
The hybrid models were constructed using the Moloc software (www.moloc .ch) (Gerber and Müller 1995) according to the following procedure. The two protein structures, PDB ID 1X0I (Okumura 2005) and 1P8U , are loaded sequentially; the first is the target structure (T) Table 1 The composition of the structural models studied is listed for each of the five paths; N′ refers to the N′ crystal structure and O refers to the O-like crystal structure (Okumura 2005) Retinal Protein Water For each of the reactants used to compute the isomerization paths, we show schematic representations of the retinal and selected protein amino acids and water molecules in the reactant (R), highest-energy saddlepoint (S), and product (P) states, the rate-limiting barrier, and the reaction energy. All energy values are QM/MM-optimized and given in kcal/mol. Note that twisting of the bonds adjacent to C 13 =C 14 is also observed at the S intermediates of all paths computed here, and in the all-trans P conformers (see right panels of Fig. 3) and the second is the structure that is to be superimposed (S). Next, the two entries are centered [keystroke z]. Now, atoms of the structure to be repositioned are matched to the target atoms using the "pairwise matching" utility [keystroke m]. For example, to overlap two sets of retinal atoms, three heavy-atoms are matched between the T and S structures. After three selections have been made, an "iterative" rigid body matching [keystroke i] will allow rigid body superposition of the S structure onto the T structure. After satisfactory matching has been obtained, the coordinates of the superimposed structure can be saved. In our example here, the atomic coordinates of the N′ retinal atoms are saved and used to replace the coordinates of the O retinal atoms. R3 and R4 were constructed using a similar protocol. For R3, we replaced the four N′ water molecules in the cytoplasmic channel (w1, w2, w3, w4) with the water molecules of the O-like state. Finally, we constructed the hybrid R4 in which the cytoplasmic water molecules specific to the O-like state are replaced by the N′ water molecules w1, w2, w3, and w4.
Starting coordinates for conformers P1-P4 and R5 were prepared using adiabatic mapping to drive the retinal from 13-cis to all-trans (in the case of P1-P4) and from all-trans to 13-cis in the case of R5 (see "Calculation of QM/MM Minimum Energy Retinal Isomerization Paths" for details).
The N′ protein structure contains amino acid residues 5-231, and the O-like structure (Okumura 2005) contains residues 8-233. Missing internal residues and hydrogen atoms were constructed using the CHARMM software (Brooks 1983) . The N-and C-termini of all models were capped with the neutral groups CH 3 -CO-and -NH-CH 3 , respectively. In the N′ protein structure, Val49 was mutated to Ala . Here, all computations using the N′ protein structure are based on the structure with Ala mutated back to the native Val at position 49. The geometry of each of the five 13-cis conformers (R1-R5) and five all-trans conformers (P1-P5) was optimized (as described in "Energy Optimization").
Potential Energy Function
The computations were performed using a Quantum Mechanical/Molecular Mechanical (QM/MM) Hamiltonian (Field 1990; Singh 1986; Warshel 1991) . In the QM/ MM approach, the active site of a protein is treated with QM, and the remainder of the protein is described with MM. The total energy is given by where E QM includes the electronic energy of the QM atoms for a given nuclear configuration, E MM describes the classical interactions between the MM atoms, and E QM/MM represents the interaction between the QM and MM atoms. The , are, respectively, the Coulombic and van der Waals interactions between QM and MM atoms. MM atoms were treated using the CHARMM 19/22 hybrid parameter set for the protein (MacKerell et al 1998) and the TIP3P model for water molecules (Jorgensen 1983) .
The QM region was treated using the Self-ConsistentCharge Density Functional Tight-Binding (SCC-DFTB) method (Elstner 1998) , as implemented in the CHARMM package (Brooks 1983) . Within its accuracy range of 2-3 kcal/mol, SCC-DFTB has been shown to reproduce the B3LYP/6-31G(d,p) geometries of small hydrocarbons (Cui 2001; Pu 2004) and to give the correct ordering of relative energies of conformations of small peptides (Elstner 2000) . In studies of gas-phase deprotonation energies of retinal and acetate models, SCC-DFTB agrees within 1 kcal/mol with B3LYP/6-31G** and within 4 kcal/ mol with MP2/6-311+G** (Bondar 2007) . SCC-DFTB describes torsional barriers of retinal Schiff base models within 2-4 kcal/mol of DFT values (Zhou 2002) , though it is known to underestimate by 2-4 kcal/mol the barrier to rotation around a C=C double bond in a conjugated double bond model, compared to B3LYP/6-31G(d,p) (Zhou 2002) and Complete Active Space (CAS)-SCF (Tajkhorshid 1999) . In QM/MM studies of bacteriorhodopsin, SCC-DFTB has been used successfully to study hydrogen bonding patterns (Bondar 2005b; Wolter 2015) , proton transfer reactions (Bondar , 2007 Phatak 2009) , and retinal isomerization . Computations of proton transfer energy barriers in bacteriorhodopsin demonstrate agreement of SCC-DFTB energies to within 2 kcal/mol of DFT B3LYP/6-31G** energies . SCC-DFTB has also shown to be a reliable method for treating retinal geometries in bovine rhodopsin (Okada 2004; Sugihara 2002) .
Unless otherwise specified, all QM/MM computations reported here were performed with a QM region consisting of the retinal molecule and the side-chain of Lys216. The valency of the covalent bond at the QM/MM boundary was satisfied using a hydrogen link atom (Field 1990 ) located on the C atom for Lys, and on C for Asp and Thr. The charge at the QM/MM boundary was treated using the "divided frontier charge" method, in which the partial charge of the MM host atom is removed from the host and distributed evenly over the remaining MM host atoms (König 2005) .
Energy Optimization
The R and P states were energy optimized as follows: In the first step, the hydrogen atom positions were optimized using an MM potential, keeping the heavy atoms fixed. In the second step, we optimized the protein using a harmonic force constraint of 1.0 kcal/mol Å on the -carbon and water oxygen atoms. Using a hybrid QM/MM potential, the coordinates of the QM atoms were then optimized by keeping fixed the MM atoms. In the third step, we defined a mobile region that contained approximately 1520 atoms, including retinal, protein amino acid, and water molecules within a radius of 15 Å from any retinal atoms. In the final step of the optimization, the positions of the mobile residues and water molecules were optimized to a gradient of 10 −3 kcal/mol/Å.
Calculation of QM/MM Minimum Energy Retinal Isomerization Paths
The isomerization pathways were computed with the Conjugate Peak Refinement (CPR) algorithm (Fischer 1992) , as implemented in the TREK module of CHARMM (Brooks 1983) . The CPR algorithm computes the saddle points along an adiabatic reaction path that connects the energy-optimized R and P states of the reaction (here, retinal isomerization) (Fischer 1992) . Except for the end states obtained via direct energy-optimization of the N′ and O-like crystal structures (i.e., R1 and P5, respectively), we used adiabatic mapping to prepare starting coordinates for the end states and initial path intermediates which were subsequently refined during the CPR calculations. All CPR paths were further refined using the Synchronous Chain Minimization (SCM) algorithm (Choi 1991) , which brings the CPR path segments between stationary points closer to the valleys of the potential energy surface.
Isomerization Direction
Preliminary calculations indicated that the energy barrier is lower when the isomerization occurs in the clockwise direction (on the Asp212 side of the retinal), rather than in the counter-clockwise direction (on the Asp85 side) (Fig. 4a) . According to these considerations, all minimum energy paths discussed here correspond to isomerization on the Asp212 side. The highest energy (rate-limiting) saddle points of paths 1-5 computed here are denoted as S1-S5, respectively.
Size of the QM Region
Ten sets of computations were performed in which we examined how the size of the QM region affects the energetics of the paths. We recalculated and optimized the paths 1 and 2 by extending the QM region to include, in addition to the retinal the Lys216 side-chain, (i) Asp85; (ii) Asp85 and Asp212; (iii) Asp85, Thr89, and Asp212; and (iv) Asp85, Thr89, Asp212, and w0 (see Fig. 5 ). For both paths 1 and 2, the differences between the rate-limiting barriers and the reaction energies obtained for the various QM regions were within the accuracy range of the DFTB method (2-3 kcal/ mol). The mean isomerization barrier for Path 1 is ∼25 kcal/ mol and for Path 2 is ∼15 kcal/mol.
Results and Discussion
To understand the structural and energetic determinants of the retinal cis-trans thermal isomerization, we performed combined quantum mechanical/molecular mechanical (QM/ MM) reaction path computations of the retinal in the protein environment. We explored the influence of the geometry of the protein on the energetics of the retinal isomerization by computing pathways for retinal isomerization using different starting geometries for the protein, different retinal geometries, and different numbers and locations of water molecules in the retinal binding pocket.
In what follows, we first describe the main structural features of the end states used for the retinal isomerization. Next, we discuss the energy profiles and structural rearrangements associated with the paths, and dissect the role of specific structural elements in determining the energy profiles of the paths.
Reactant and Product States of the Retinal Thermal Isomerization Path
The five sets of 13-cis reactants (R1-R5) and all-trans products (P1-P5) were constructed to investigate structural and energetic determinants of the N′→ O isomerization in the late part of the bacteriorhodopsin photocycle.
The protein structures of all of the geometry-optimized end states remain close to the starting crystal structures used to construct the reaction end states (protein backbone rmsd of all end states is ∼0.55 to ∼0.70 Å) (see Fig. 6 for an overlay of the five R conformers and five P conformers). In all 13-cis retinal R conformers, the Schiff base is oriented towards the cytoplasmic side, with moderate twisting of bonds in the Schiff base segment of up to 18° (see Fig. 6 ; schematic representations of the QM/MM-optimized R and P conformers are given in Fig. 2 ). In the P conformers, the retinal polyene chain is strongly twisted, with the Schiff base oriented towards Asp212. Twisting of the all-trans retinal in the O-like conformers is consistent with FTIR spectroscopy experiments that show twists localized near C 7 =C 8 , C 11 =C 12 , and C 15 (Smith 1983; Zscherp 1997 ).
Similar to the N′ crystal structure used for the starting coordinates, in the geometry-optimized R1, the 13-cis retinal polyene chain is almost planar with the Schiff base hydrogen bonding with w1 of the chain of cytoplasmic water molecules; w0 hydrogen bonds strongly with Asp212 (Fig. 2) . The Schiff base in the all-trans product P1 is twisted away from the cytoplasmic water molecules and hydrogen bonds with Asp212; Asp212 hydrogen bonds to w0.
In R2, the distance between the Schiff base nitrogen atom and the closest cytoplasmic water molecule, w1, is ∼6 Å; the retinal polyene chain is almost planar (Table 2) . Water molecule w0 hydrogen bonds with both Asp85 and Asp212. The all-trans product P2 is characterized by a strong hydrogen bond network that connects the Schiff base to Asp212 and Asp85 via w0. The geometry of R3 is similar to that of R1, except that in R3 the Schiff base of the planar retinal (Table 2) does not hydrogen bond with cytoplasmic water molecules. The hydrogen bonded network extending from Thr89 to Asp212 via Asp85 and w0, present in P1, is also observed in P3.
R4 and R5 are based on the same starting protein coordinates [O-like (Okumura 2005) ] as R2. Nevertheless, optimization of R4 and R5 with O-like retinal leads to an active site geometry that is very different from R2 (containing the N′ retinal) (Fig. 2) . Unlike the planar retinal of R1, the twisted C 15 =N bond (Table 2) in R4 and R5 causes the Schiff base NH bond to point to the Asp212 side. The proximity of the cytoplasmic water molecules to the Schiff base (the distance between w1 and the Schiff base is 2.8 Å) explains why the retinal is more planar in R4 than in R5. Thr89 hydrogen bonds to Asp85 in R1 and R3-R5, but not in R2. The relatively long Thr89:Asp85 distance in R2 is due largely to the displacement and reorientation of Asp85 to accommodate the N′ retinal geometry. The displacement of Asp85 towards the extracellular side in R2 is accompanied by the formation of strong w0:Asp85 and w0:Asp212 hydrogen bonds, and a reorientation of the Asp212 side-chain relative to the retinal Schiff base in the N′-state .
Consistent with observations that interactions with cytoplasmic water largely favor a cytoplasmic orientation of the Schiff base NH bond (Bondar 2008) , the cytoplasmic N′-state water molecules stabilize the more planar geometry of the retinal Schiff base in R4. In R4 and P4, the relatively compact Schiff base region from the O-like protein cannot accommodate w0 between Asp85 and Asp212, and w0 is displaced towards the extracellular side (Fig. 2) . The absence of w0 in R4 and P4 is associated with stronger hydrogen bonding between Asp85 and Thr89. The close interaction between Asp212 and w0 in the geometry-optimized P5 is similar to that observed in P1 (Fig. 2) .
Retinal Isomerization Paths 1-5
We computed the cis-trans retinal back-isomerization pathway in the protein environment for each of the five reactant and product pairs depicted in Fig. 2 and used Eqs. (1) and (2) (see "Potential Energy Function") to decompose the energy profiles associated with the paths (Fig. 3) .
The rate-limiting barriers ( E # ) for the retinal isomerization paths range between 16.4 kcal/mol (path 2) and 25.3 kcal/mol (path 1); the reaction energies ( E ) range between − 9.8 kcal/mol (path 5) and 3.9 kcal/mol (path 1) (Figs. 2 and 3) . Especially the energy barrier of path 1 is compatible with the enthalpy barrier of 27 kcal/mol for the N-to-O transition estimated from experiment (Ludmann 1998) . The computations indicate that of the five sets of reactant and product states tested here, the barrier for retinal isomerization is highest for the R1 and P1 states derived from the N′ structure . R2, containing the N′-state retinal with the O-like protein and water coordinates, gives the lowest cis-to-trans rate-limiting energy barrier. R5, based entirely on the O-like structure of Okumura (2005), gives the most favorable reaction energy ( E = −9.8 kcal/ mol); a large reaction energy ensures that the unproductive isomerization back to the 13-cis state is kinetically more unfavorable than the productive, cis-trans reaction.
The energetics of all paths is dominated by the QM energy term (green lines in Fig. 3 ). Since the QM region contains only retinal and Lys216 (see "Potential Energy Function"), the QM energy arises mainly from the isomerization of the retinal. For example, of the 25.3 kcal/mol rate-limiting barrier of path 1, 21.8 kcal/mol arise from E QM (Fig. 3) ; the remaining ∼3 kcal/mol arises from the electrostatic interactions between the QM and MM parts of the system (magenta lines in Fig. 3 ). E QM also gives rise to the 4 kcal/mol positive reaction energy for path 1.
Similar to path 1, in paths 2 and 3 the QM and QM/ MM energy terms have the largest contribution to the total rate-limiting energy barriers. The QM contribution to the total barrier is similar (∼22 kcal/mol) in paths 1-3 (Fig. 3) . Nevertheless, E nb QM/MM contributes significantly less to the E # in paths 2 and 3 than in path 1 (Fig. 3) . The less unfavorable contribution of E nb QM/MM to the rate-limiting barriers of paths 2 and 3 is likely explained by the favorable interactions in the retinal Schiff base region at the rate-limiting saddlepoint for paths 2 and 3, at which the protonated retinal Schiff base is part of an H-bonded network that extends to Asp85 via Asp212 and w0 (Fig. 2) . In contrast, in S1 Asp85 is not part of the hydrogen-bonded network; the Asp85:w0 distance is 4.4 Å in S1 as compared to 2.8 Å in S2 and S3 (Fig. 2) . E QM contributes 18-20 kcal/mol to the ratelimiting barriers of paths 4 and 5 (23.4 and 19.1 kcal/mol, respectively) (green lines in Fig. 3 ). The remainder of the energy barrier arises from unfavorable QM/MM contributions (magenta lines in Fig. 3) , likely due to w0 having been displaced to the extracellular side in R4, and to the long Asp85:w0 distance of 4.0 Å in R5 (Fig. 2) .
Based on the analysis of the five isomerization paths examined, the following thermal isomerization mechanism is proposed: Cytoplasmic water molecules, such as the chain of four molecules present in R1 and R4 [based on the N′ crystal structure ], likely stabilize the planar 13-cis retinal geometry. The absence of this chain, or fluctuations in the position of the cytoplasmic water molecule nearest to the retinal (w1 in Fig. 2) , could be sufficient to release the retinal from a highly planar structure and explore other more twisted conformations. A twisted 13-cis retinal chromophore has a lower energetic barrier toward further twisting in the direction of the negatively charged Asp212. As the retinal isomerizes in the direction of Asp212, the energetic cost of twisting the retinal polyene chain is offset by favorable electrostatic forces between the retinal Schiff base, Asp212, w402, and Asp85. This energetic stabilization via hydrogen bonding, as observed in paths 2 and 3 (magenta lines in Fig. 3b, c) by the favorable Coulombic energy, lowers the transition state energy; in paths 1, 4, and 5, in which this hydrogen bonded network is absent, the Coulombic energy is unfavorable (magenta lines in Fig. 3a, d, e) . The stability of the all-trans end state is determined by the degree of retinal planarity, which is in turn influenced by the position of the negatively charged Asp212 with which the positively charged Schiff base hydrogen bonds (Fig. 2) . In the following, we will discuss in detail the role of the retinal geometry, the protein structure, and active site water molecules in determining the thermal isomerization barrier.
Influence of Retinal Geometry on the Isomerization Reaction
The rate-limiting barrier of all retinal isomerization paths computed here in the protein environment is largely determined by the retinal torsional energy (green curves in Fig. 3 ). This observation is not surprising given that the intrinsic energy barrier for the all-trans to 13-cis isomerization of the retinal is significant [28 kcal/mol in the gas phase computed 
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with SCC-DFTB (Bondar 2005a) ]. Decomposition of the retinal isomerization paths shows that in the protein, the cost for isomerizing retinal, E QM , is lowered, varying between 18.2 kcal/mol (path 5) and 21.8 kcal/mol (path 1) (green line in Fig. 3 ). The smaller-than-gas-phase retinal isomerization barriers computed in the protein environment are due to a pre-twist of the retinal in the 13-cis reactant (see Table 2 and Figs. 2 and 6 ). In the gas phase, the retinal prefers a planar geometry in both the all-trans and 13-cis isomerization states. In the protein, the retinal can become twisted as a result of its interactions with the neighboring residues (Fig. 6) . The The retinal and protein amino acids close to the retinal Schiff base are shown (viewed from the cytoplasmic side of the chromophore) for each of the five constructed 13-cis reactants and all-trans products. a The 13-cis reactants R1 (green), R2 (grey), R3 (purple), R4 (orange), and R5 (black) are compared with the atomic positions taken from the N′ crystal structure (red) . b The alltrans products P1 (green), P2 (grey), P3 (purple), P4 (orange), and P5 (black) are compared with the atomic positions taken from the O-like crystal structure (blue) (Okumura 2005) . The Schiff base hydrogen is depicted in each reactant and product as a light blue sphere to help distinguish the retinal geometries. (Color figure online) Table 2 Deviation from planarity of retinal dihedral angles C 11 =C 12 -C 13 =C 14 , C 12 -C 13 =C 14 -C 15 , C 13 =C 14 -C 15 -N, and C 14 -C 15 =N-C calculated for the reactant (R), transition state (S), and product (P) states of the retinal isomerization paths 1-5
All angles are given in degrees. See Fig. 1b for numbering largest combined twist of the C 12 -C 13 , C 13 =C 14 , and C 15 =N bonds in the 13-cis reactant state is found for R5 (∼40°, see Table 2 and right panels of Fig. 3 ). This significant pretwist of the retinal in R5 is associated with the QM energy contribution to the total rate-limiting barrier being smaller than observed for the other four paths (by 1-5 kcal/mol) for path 5 than for paths 1-4 (Fig. 3) . The most planar 13-cis reactant is observed for R3 (combined twist of the C 12 -C 13 , C 13 =C 14 , and C 15 =N bonds of ∼17°, see Table 2 ), and this corresponds to the highest E QM energy barrier of the five pathways (Fig. 3) .
Influence of the Protein Structure and Water Molecules on the Isomerization Reaction
The QM energy terms contribute 21.5 kcal/mol to path 2 and 18.2 kcal/mol to path 5. Nevertheless, the total ratelimiting barrier is ∼3 kcal/mol smaller for path 2 than path 5 (Fig. 3) . This indicates that the protein environment can largely shape the energetics of the retinal cis-trans thermal back-isomerization. Detailed decomposition shows that the protein environment influences the energetics mainly via electrostatic interactions with the QM region (Fig. 3) . QM/ MM electrostatic interactions increase the rate-limiting barrier by approximately 8 kcal/mol in path 1 and 3 kcal/mol in path 5, but lower the barriers computed for paths 2 and 3 by 2-3 kcal/mol (magenta lines in Fig. 3) .
Comparison of the structures and energetics associated with paths 1 and 3 and those of paths 4 and 5 indicates that water molecules in the active site have a significant effect on the retinal isomerization path. Conformers R1 and R3 were prepared with the starting coordinates for the retinal and protein coordinates taken from the N′ structure of Ref. , with active-site water molecules taken from the N′ structure in R1, and from the O-like structure (Okumura 2005) in R3. The stabilizing hydrogen-bonded network mediated by w0 in S3, but not in S1 (Fig. 2) , gives rise to a favorable QM/MM energy at the transition state of path 3 (compare magenta lines in Fig. 3a , c) which leads to the reaction energy being approximately 5 kcal/mol smaller in path 3 than in path 1. In R4, the cytoplasmic water molecules from the N′ structure lead to a more planar retinal geometry than in R5 (see Fig. 2) ; the more planar retinal of R4 is associated with the higher QM energy and higher rate-limiting barrier in path 4 as compared to path 5 (Fig. 3) .
The above observations indicate that the water molecules on the cytoplasmic side of the retinal Schiff base influence the rate-limiting isomerization barrier differently than the water molecules on the extracellular side of the retinal. Water molecules present on the cytoplasmic side can hydrogen bond to the Schiff base, as in R1 and R4 (see Fig. 2 ); this favors a more planar geometry of the retinal, leading to an increase of the isomerization barrier. In contrast, on the extracellular side, w0 can mediate H-bonding interactions between Asp85 and Asp212, helping stabilize the transition state and the all-trans geometry of the product state.
The motivation for using the five paths that were analyzed here was the identification of hydrogen-bonding patterns that catalyze the retinal cis-trans thermal back-isomerization accompanying the N′ to O transition. Since the protonation states of all amino acids remain constant during this transition, the differences in hydrogen-bonding patterns arise primarily from differences in active site water patterns. The significance of the chain of four water molecules extending from the Schiff base to the cytoplasmic side is to maintain the retinal's planar geometry. In the absence of this chain, the retinal may pre-twist, thereby lowering the QM energy of isomerization. The hydrogen bond network that links Thr89, Asp85, w0, and Asp212 on the retinal's extracellular side provides further energetic stabilization to the isomerization barrier, evidenced by the lowest barrier observed for path 2. Alternative combinations of protein, retinal, and water elements of the N′-and O-like crystal structures, e.g., N′ retinal + O-like protein + N′ water, although not reported on here, have been analyzed for structural analogies to our existing reactants and products. Based on these analyses, the presence or absence of water molecules, the intrinsic twist of the retinal chromophore, and the position of nearby amino sidechains can be used to predict the energetic effect on the barrier to retinal isomerization during the N′ to O transition in the bR photocycle.
Conclusions
The thermal cis-trans isomerization of the retinal takes place during the N-to-O transition of the bacteriorhodopsin reaction cycle. This transition involves not only retinal isomerization but also conformational changes in the protein, a relocation of internal water molecules, and a long-distance proton transfer from Asp96 to the retinal Schiff base. The sequence of events during the complex N-to-O transition is not clear yet. It is also not clear which of the rearrangements in protein structure and/or internal water molecules are important for lowering the high intrinsic cost ( ∼28 kcal/mol) for retinal isomerization. To further our understanding of the structural and energetic determinants of the retinal thermal isomerization reaction, we computed five reaction pathways using the crystal structures proposed for the N′ and O-like states. We found that, depending on the structural model used to calculate the retinal isomerization path in the protein environment, the rate-limiting energy barrier has values between 16.4 kcal/mol (path 2) and 25.3 kcal/mol (path 1).
